polarity and well-developed intercellular junctions, had PAS positive material in their cytoplasm, and expressed a distinct immunoreactivity for cyotokeratin 14 and amelogenins. Pulpal cells in the gel displayed a strong ALP activity throughout the 3D gel. The current observations have clearly shown that the structural and functional features reminiscent of early secretory ameloblasts could be restored in the enamel organ-derived cells in a TDL culture.
Introduction
The primary culture of enamel epithelial cells has been attempted by many investigators using enamel organderived cells from porcine (Limeback 1987 , DenBesten et al., 1998 , mouse (Chen et al., 1992; Suzawa et al., 2006) , rat (Kukita et al., 1992; Tabata et al., 1996b Tabata et al., , 2003 Matsumura et al., 1998) and human (DenBesten et al., 2005; Yan et al., 2006) tooth germs under different conditions. In a primary culture, the ameloblast-lineage cells after inoculation generally form a monolayer sheet of closely packed cells of cobblestone-like profiles. These cells express cell/differentiation markers c-Met, cytokeratin 14, amelogenins (Tabata et al., 1996b) , and ameloblastin (DenBesten et al., 1998) in a manner similar to ameloblasts in vivo. In a primary culture, however, the enamel organ-derived cells soon lose their characteristic cell structures --such as tall columnar, cuboidal, or stellate profiles of the functional cells in the enamel organ --and become flat in a monolayer, whereas these cells in tooth germ organ culture systems retain their original structures and function. That is, the tooth germs undergo progressive development from bud stage to cap stage and further to early and late bell stages of development until the dentin and enamel matrices are Summary. The enamel organ engaged in enamel matrix formation in tooth germs comprises four different cell types: the ameloblasts, the cells of the stratum intermedium, stellate reticulum, and the outer enamel epithelium, each characterized by distinct structural features. In ordinary primary cultures of tooth-derived cells, these cells generally become flat in profile and hardly regain their original profiles comparable to those in vivo, even under conditions that can induce the expression of functional markers from these cells. To overcome this limitation inherent to the cell culture of tooth-derived cells, we introduced a novel co-culture method, a "three-dimensional and layered (TDL) culture", a three-dimensional (3D) culture of dental pulp-derived cells dispersed in type I collagen gel combined with a layered culture of enamel epithelial cells seeded on top of the gel to establish thereby a culture condition where the functional tooth-derived cells regain their original structures and spatial arrangements. We subjected the TDL gels thus prepared to floating cultures and found that, in the layered epithelial cells, those facing the 3D gel became cuboidal/short columnar in shape, showed cell Introduction of a three-dimensional and layered (TDL) culture, a novel primary co-culture method for ameloblasts and pulp-derived cells sheets were excised from the labial side of the mandibular incisors according to Kukita et al. (1992) , while the dental pulp tissues were carefully prepared from the mandibular first molars. Each tissue thus obtained was handled according to Tabata et al. (1996b) with several modifications as follows. Briefly, the tissue fragments were minced in the Hanks' BSS, treated with 0.25% collagenase (Wako Pure Chemical, Osaka) -200 U/ml DNase I (Roche, Mannheim, Germany, ref. Nakano et al. 2007 ) in Dulbecco's modified Eagle's medium (DMEM, GIBCO BRL, Grand Island, NY, USA) at 37 for 30-90 min, replaced in 1.0% EDTA in phosphate buffered saline (PBS) for 3 -5 min, treated with 0.25% trypsin (Difco trypsin 250, BD Falcon, Franklin Lakes, NJ, USA) in PBS for 5 -10 min at 37 , and dispersed in 1:1 medium of DMEM and Ham's F-12 (DMEM/F-12; GIBCO BRL) containing 10% FBS and a standard cocktail of antibiotics (50 U/ml penicillin, 50 g/ml streptomycin, and 100 g/ ml kanamycin). The cell numbers and the viability were checked promptly and used for inoculation.
Three-dimensional and layered (TDL) culture
Collagen solution was prepared at ice-cold temperatures as an 8:1:1 mixture of 0.3% type I collagen solution (Cellmatrix Type I-P, Nitta gelatin Inc., Tokyo), 10 DMEM, and 10 HEPES-NaOH-NaHCO3 solution according to Enami and Tsukada (1993) . This collagen solution was mixed with same volume of the cell suspension of dental pulp-derived cells prepared as above, poured into a 4.5 -5.5 mm tapered cylinder mold (Cloning Cylinders, Scienceware, Pequannock, NJ, USA), and gelled at 37 for 30 -40 min. The threedimensional gel (3D gel) of pulpal cells was then layered by the enamel epithelial cells on top of its surface. After an overnight culture, the three-dimensional and layered (TDL) gel thus prepared was removed from the mold and float-cultured in low adhesive 24-well plates (HydroCell; CellSeed Co., Tokyo) within the medium of 10% FBS-DMEM/F12 or within a 1:1 medium of CnT-02 (CELLnTEC Advanced cell systems, Bern, Swiss) and BGJb (Fitton-Jackson's modified BGJ; GIBCO BRL). The cultures were maintained by changing the medium every 2 days in 5% CO2 at 37 . For time-lapse observation, the images of TDL gel were captured every 3 min by the Cellwatcher System (Zoom-USB; CoreFront Co., Tokyo).
Light microscopy
Cultured explants were fixed with 4% paraformaldehyde in a 0.1 M cacodylate buffer (pH 7.3) at 4 for 30 min -overnight, dehydrated through up-graded alcohols, deposited (Tabata et al., 1996a (Tabata et al., , 2002 Liu et al., 2000; Shibaguchi et al., 2003) .
In 1975, Michalopoulos and Pitot developed a new primary culture method for adult rat hepatocytes in which the isolated hepatic cells were inoculated on a floating gel membrane instead of a gel-coated solid dish plate. This new method markedly prolonged cell viability and improved ultrastructural and functional features of cultured cells reminiscent of those of hepatocytes in vivo. Enami and Nandi (1978) applied a similar method to mammary epithelial cells and reported that these cells underwent morphological changes from flattened to cuboidal/columnar shaped cells and secreted all caseins in the presence of the relevant hormones. As a preliminary attempt, we applied the gel-floating culture method to tooth-derived epithelial cells enriched with tall columnar pre-secretory and secretory ameloblasts but could only gain flat cells of round or polygonal contours. Thus, unlike mammary epithelial cells, the isolated enamel epithelial cells in culture appear to require certain extra factors to retain or acquire their intrinsic structural features as shown in vivo.
Here we introduce a new co-culture method for rat tooth-derived cells which features a three-dimensional culture of dental pulp cells dispersed in type I collagen gel being layered with enamel epithelial cells (TDL culture), coupled with a subsequent floating culture. Using this co-culture method, we confirmed that the ameloblastlineage cells could become cuboidal in shape, form a linear boundary between co-cultured pulp-derived cells in 3D-gel, and express functional markers of secretory ameloblasts.
Materials and Methods

Animals
Postnatal 10-day-old Wistar rats were purchased from Charles River Japan (Yokohama). All experimental procedures were approved by the Institutional Committee of Animal Care and Use at the Tokyo Medical and Dental University, and were properly performed following the Guidelines for Animal Experimentation at the Tokyo Medical and Dental University (approval number: 0010302 & 0090214).
Cell preparation
The animals were killed by neck dislocation. The mandibles were dissected and rinsed in ice-cold Hanks' balanced salt solution (BSS). The enamel epithelial and embedded in Technovit 7100 (Kulzer, Wehrheim, Germany). Polymerization was carried on ice to prevent loss of antigenicity or enzyme activity in the specimen. Semithin sections (2 m) were mounted on poly-Llysine-coated glass slides and stained with toluidine blue or processed for periodic acid Schiff (PAS) staining. Histochemical localization of alkaline phosphatase (ALP) activity was demonstrated by the NBT/BCIP method using a commercial detection kit (NBT/BCIP Tablets; Roche Diagnostics, Switzerland). Some were used for immunostaining according to the procedures as described previously (Tabata et al., 1992 (Tabata et al., , 1996b ). An anti-amelogenin mouse monoclonal antibody (1:4000; courtesy gift by Dr. Takashi Uchida of Hiroshima University) and anti-cytokeratin 14 rabbit polyclonal antibody (1:3000; Covance, CA, USA) were used as the primary antibodies. The immunoreaction was amplified with a biotin-streptavidin system and color generated by a -galactosidase-enzymatic reaction (green). The immunostained sections were counterstained with hematoxylin.
Electron microscopy
Specimens were fixed with a mixture of 2% glutaraldehyde -2% paraformaldehyde in a 0.1M cacodylate buffer (pH 7.3) at 4 overnight and postfixed with 1% osmium tetroxide in a 0.1M cacodylate buffer for 1 h at room temperature in the dark. The specimens were rinsed and dehydrated through up-graded alcohols and then embedded in Epon 812 (Taab, Aldemaston, UK). Ultrathin sections were cut with a diamond knife on the Ultracut UCT (Leica, Vienna, Austria), stained with uranyl acetate and lead citrate, and examined under a transmission electron microscope (H-7100; Hitachi, Tokyo) at an accelerating voltage of 75 kV.
Results
Enamel epithelial cells and dental pulp cells prepared respectively from the lower incisors and the lower first molars of 10-day postnatal Wistar rats were dispersed through a series of enzyme treatments and used for the new co-culturing system named the "three-dimensional and layered" culture (TDL culture). The pulpal cells (8 10 6 cells/ml 30 l) were mixed with 30 l of icecold type I collagen solution in a cylindrical mold and gelled at 37 for 30 min. The 3D gel was then layered by the epithelial cells (2 10 6 cells/ml 60 l) as illustrated in Figure 1 . After overnight incubation at 37 in a 5% CO2 atmosphere, the explants were removed from the mold cylinder and float-cultured in 10% FBS-DMEM/F-12 medium or CnT-02/BGJb medium for up to 7 days and examined as follows.
Gel shrinkage during TDL/floating culture
The cylinder-shaped 3D gel in the mold measured 5mm in diameter and 60 l in volume and contained 2.4 10 5 dispersed pulpal cells. The gel was then layered by the epithelial cells (1.2 10 5 ) on top of it. A histological section of the TDL explant at 6 h post-inoculation revealed that the epithelial cells on the surface of the gel had formed a thin monolayer of well dispersed, flattened, and elongated cells attached to the gel surface (data not shown). Under a stereo microscope, the epithelial cell layer could be distinguished as yellowish cloud from the 3D gel containing pulp cells that appeared as a whitish mass. Time-lapse observations revealed that the yellowish cloud of the epithelial cell layer started to shrink in diameter at c.a. 8 h post-inoculation ( Fig. 2A, B) . The 3D gels of TDL explants started to shrink only after they had been removed from the mold and subjected to a floating culture one day after inoculation (Fig. 2C -E) . In the floating culture, TDL gels continued to shrink until they became less than 1 mm in diameter in 7 days (Fig. 2F) . Thus, shrinkage of the epithelial cell layer preceded that of the pulpal gel, which decreased to 1/5 of the original diameter in the first 3 days of the floating culture.
Regardless the presence or absence of the layered epithelial cells, the empty gels (gel without pulpal cells) did not show any shrinkage while those containing pulpal cells displayed the drastic shrinkage mentioned above. Similarly, the epithelial cells layered on 3D gels showed similar shrinkage with or without pulpal cells in the gel (data not shown).
The magnitude of shrinkage of the pulpal gel was dependent on the medium used in the culture as well as the number of cells inoculated. As shown in Figure 3 , when the pulpal gels containing various concentrations of pulp-derived cells (mixture of 2 -20 10 6 cells/ ml 30 l and 30 l collagen medium, i.e., 0.6 -12 10 5 cells/explant) were layered with 2 10 6 cells/ml 60 l (i.e., 1.2 10 5 cells/explant) of the enamel organ-derived epithelial cells, the TDL gels started to shrink promptly after floating, exhibiting a variety of profiles after 3 days of culture. When the ratio of enamel epithelial cells and pulpal cells of the TDL gel (E/P cell ratio) was 2:4, the TDL explant shrank similarly in all directions while retaining the original proportion (= rectangle side view) of the gel (Fig. 3C) at day 3. This rectangular shaped shrinkage was also observed in the gel containing pulpal cells without layered epithelial cells. The gel with a 2:10 E/P cell ratio became elliptical in shape (Fig. 3E) . Despite 10 fold differences in cell numbers in the gel, the differences in diameters of the gels with 2:1 and 2:10 E/P cell ratios were negligible, i.e. 1.6 mm and 1.4 mm, respectively.
Medium selection and cell proliferation in TDL/ floating culture
As an inoculation medium, 10% FBS-DMEM/F-12 was used for both enamel epithelial cells and pulpal cells. At the next day of the culture, when the floating was started, various media were tested for their suitability and evaluated by time-lapse observation, the shrinkage tendencies of each explant, and histological analysis of each explant. The explants cultured in each medium for 3 to 7 days were fixed in 4% PFA, dehydrated, and embedded in Technovit 7100 for histological analysis.
First, DMEM, Ham's F-12, BGJb, complete MCDB, and a series of CnT media with/without FBS were examined. The cells in each explant we tested did not survive or proliferate with either of these media, and the gel did not shrink (data not shown). We then tested a mixed medium comprised of the above-mentioned media at different combinations and in various ratios. Among the mixed media we tested, a 1:1 mixture of DMEM and F-12 medium with 10% FBS (10%FBS-DMEM/F-12 medium) and a 1:1 mixture of CnT-02 medium and BGJb medium without FBS (CnT-02/BGJb medium) showed dramatic shrinkage of TDL gels. In both the 10% FBS-DMEM/F-12 medium (Fig. 4A -C) and CnT-02/BGJb medium ( Fig. 4D -F) , proliferation of both epithelial and mesenchymal cells of the explant was confirmed by time-lapse observation and a subsequent histological analysis. In these media, epithelial cells became multilayered while the pulpal cells in the gel formed a distinct interface between the epithelial cell layer and the 3D gel. It was noted that the gel of pulpal cells cultured with CnT-02/BGJb showed a much higher cell density than that with 10% FBS-DMEM/F-12 (Fig. 4G ). These data clearly indicated that the proliferation of pulpal cells in our culture system depended on the medium used and confirmed the suitability of the CnT-02/BGJb medium for the current experiment.
Cell morphology and organization in TDL/floating culture
In the early culture period, enamel epithelial cells and dental pulp-derived cells in the TDL/floating culture all showed rounded profiles and exhibited a certain potential for proliferation although columnar-shaped epithelial cells (ameloblast/preameloblast-like cells) and those with long cell processes (odontoblast-like cells) were respectively observed in the epithelial and pulpal cell preparations immediately prior to inoculation. The explants of the 2:4 E/P cell ratio cultured in the CnT-02/BGJb medium showed an obviously higher rate of cell proliferation compared with the explants cultured in 10%FBS-DMEM/F-12 during the first 3 days of culture (Fig. 4G, 5A) ; at days 5 and 7, they showed a highly ordered cell arrangement, particularly in the epithelial cell layer (Fig. 5B, C) . A distinct cell-free zone also appeared at the interface between the epithelial cells and the pulpderived cells at day 5 (Fig. 5B) , which became 20-50 m in width by day 7 (Fig. 5C1) . Epithelial cells confronting the cell-free zone were cuboidal or short columnar in shape at day 7, showing cell polarity with proximally allocated nuclei and a heterogeneous cytoplasm in the distal end (Fig. 5C2) . Dental pulpal cells randomly allocating in the collagen gel showed no significant intercellular spaces at day 3 (Fig. 5A ), but they showed broad intercellular spaces at day 5 (Fig. 5B) . By day 7, the pulpal cells facing the cell-free zone also exhibited tight arrangement and cell polarity (Fig. 5C1 ). In the cell-free zone, some extensions of cell processes and migration of pulpal cells were occasionally encountered (Fig. 5C2) .
Enamel epithelial cells in the TDL/floating culture did not show desmosomes or cytoplasmic tonofilaments at day 1 (just after floating) of culture (Fig. 6A ) but gained these structural features of epithelial cells by day 5 (Fig.  6B1, B2 ). Cuboidal enamel epithelial cells contained oval nuclei, mitochondria, Golgi apparatuses, rough endoplasmic reticulum, lysosome-like vesicles, and microfilaments in the cytoplasm comparable to those in the inner enamel epithelial cells or early preameloblasts in vivo. These cells did not contain obvious secretory vesicles in the cytoplasm but often displayed coated pits along the distal cell membranes facing the 3D gel, where a small mass of a stippled material-like fine granular substance was also encountered (Fig. 6C, D) . The pulpal cells in the TDL gel near the epithelial layer tended to be polarized and had elongated cell bodies enriched with rough endoplasmic reticulum and Golgi apparatus in the distal cytoplasm; they extended long cytoplasmic processes toward the overlying epithelial cell layer (Fig.  6D) . The fibrous components in the 3D gel considerably increased in thickness and density by day 5 and displayed a polarized orientation more or less along the processes of the pulpal cells.
Functional marker expressions in TDL/floating culture
To evaluate functional marker expressions by and the spatial arrangement of the cells in a TDL/floating culture, the explants embedded in Technovit 7100 were used for immunohistological and histochemical analysis. The explants of the 2:4 E/P cell ratio cultured i n a C n T -0 2 / B G J b m e d i u m f o r 3 -7 d a y s w e r e immunopositive for cytokeratin 14 and amelogenins; they also showed Periodic Acid Schiff (PAS) reactions and alkaline phosphatase (ALP) enzyme activity (Fig.  7) . Immunoreactions for cytokeratin 14 started to appear in the cytoplasm of all epithelial cells at day 3 and became intensely positive at day 5 (Fig. 7A) . Intra-and extracellular PAS reactions were widely distributed in the epithelial cell layer at day 3 but became confined to the middle and outer zones of the epithelial layer at day 5 (Fig. 7B) . Immunoreactivity for amelogenins was located in some epithelial cells close to the gel surface at day 3 and in larger number of epithelial cells facing the boundary zone at the interface at day 5 (Fig. 7C ) and day 7. Sporadic immunoreactions for amelogenins were also depicted in some pulpal cells near the interface. ALP positive epithelial cells were restricted to those in the middle zone of the epithelial cell layer while most pulpderived cells showed enzymatic reactions throughout the gel at day 5 (Fig. 7D) .
Discussion
Cell component used for TDL explants
As murine incisors are continuously growing teeth, the enamel organ overlying the labial surface of teeth contains ameloblasts at all stages of development, cells of the stratum intermedium, stellate reticulum, and a papillary layer at any stage in postnatal development of the individual animal. Postnatal day 7, 10, 12, and adult Wistar rats were tested in early attempts, and postnatal 10-day-old animals were chosen for this experiment because of a high yield of both the enamel organ-derived cells and the pulp-derived cells of the incisors and first molars of the same animals, respectively. Our preparation of the enamel epithelial sheet is after Kukita et al. (1992) and has been used in our previous reports (Tabata et al., 1996b Matsumura et al., 1998) : the enamel epithelial sheet was peeled off from the areas where the ameloblasts were directly facing the predentin and cheesy-enamel matrix. Therefore, the cell suspensions we obtained before inoculation contained cells of the ameloblast lineage at the late inner enamel epithelium, presecretory, and secretory stages and the corresponding cells of the stratum intermedium, stellate reticulum, and outer enamel epithelium. We intentionally avoided cells from the apical bud or apical growing end regions known to be enriched with stem cells of the enamel epithelia (Harada et al., 1999) because the primary objective of this study was to determine proper culture conditions whereby the dissociated enamel organ-derived "differentiated" cells can retain or regain their cytological features (structure and function) in vitro. We assume that the presence of putative stem cells of enamel epithelia under the given culture conditions may interfere with the proper interpretation of the data discussed later in this section. Obviously, however, the possible existence of certain populations of transit-amplifying cells could not be totally denied in our preparation of enamel epithelial cells.
As briefly stated above, the mandibular first molars of postnatal day 10 Wistar rats were chosen as the sources of dental pulp cells, i.e., odontoblasts, preodontoblasts, and other cells in dental pulp, because the largest number of dental pulp cells could be recovered per tooth with less contamination of epithelial cells and oral mesenchyme relative to those in the incisors and second molars of the same animal. The small clusters of pulp cells occasionally shown to be intermingled in the gel among the dispersed cells in our preparations were due to the relatively mild enzymatic digestion of the pulp tissue used to avoid excess damage to the pulp cells. In our series of experiments, we have confirmed that these cell clusters do not influence the magnitude of shrinkage of 3D gel and, consequently, the outcome of the TDL/floating culture.
Morphology and function of enamel epithelial cells in TDL culture
For the first time in the primary culture of the enamel epithelial cells, we were able to induce a multi-layered arrangement of the epithelial cells (Fig. 5A -C) including those of cuboidal/short columnar profiles in the innermost layer facing the 3D gel in our TDL/floating culture ( Fig 5C2) . Moreover, these cells expressed ameloblast markers such as amelogenins and cytokeratin 14 at days 5 -7. Some of the layered epithelial cells showed ALP activity and/or PAS reactions in a cite-specific manner in the multi-layered arrangement (Fig. 7) . In murine tooth germs, PAS positive granules are located in the cytoplasm as well as the intercellular spaces of the stellate reticulum, stratum intermedium, and outer enamel epithelium in early stages of tooth development (Ohshima et al., 1999) . The location of PAS positive areas in our TDL/floating culture the middle to outer portion of the layered cells coincides roughly with the arrangement of PAS reactions in the tooth germs in vivo, and hence may appear to suggest a rearrangement of the dissociated enamel organderived cells in a manner reminiscent of the tooth germs grown in vivo.
The innermost cells of the epithelial layer in TDL explants showing cuboidal/short columnar morphology and amelogenins and cytokeratin 14 immunoreactions (Fig. 5, 7) appear to be the cells of an ameloblast lineage recapitulating the structural and functional properties of presecretory ameloblasts. Such "non-flat" morphological feature of the enamel epithelial cells has not been demonstrated in previous primary cultures of enamel epithelial cells (Limeback 1987; Kukita et al., 1992; Chen et al., 1992; Tabata et al., 1996b Tabata et al., , 2003 Matsumura et al., 1998; DenBesten et al., 1998 DenBesten et al., , 2005 Suzawa et al., 2006; Yan et al., 2006) . The cells prepared by the method by Kukita et al. (1992) from the epithelial sheet of the rat incisor enamel organ naturally contain various types and functional states of cells of enamel epithelia and have some unavoidable contamination of mesenchymal cells. It may be speculated then that such contaminated non-epithelial cells may have had some influence on the enamel organ-derived cells in TDL explants. However, identically prepared cells never become cuboidal in shape in regular primary cultures and only show flat, cobblestone-like arrangements as previously reported (Tabata et al., 1996b Matsumura et al., 1998) . We therefure consider that the dental pulpal cells in TDL gel affect the dissociated enamel epithelial cells to become cuboidal in shape, though the molecular mechanisms underlying this intriguing phenomenon is yet to be determined.
It is noteworthy that the expressions of cytokeratin 14, amelogenins, PAS positive material, and ALP activity are all inducible in the enamel organ-derived cells in ordinary primary cultures (Tabata et al., 1996b , suggesting that the pulpal cells in TDL gel in our new culture system affect the morphology and spatial arrangement of enamel epithelial cells rather than the functional aspects of these cells.
Dental pulp-derived cells in TDL gel, on the other hand, did not show typical structural phenotypes or arrangements of odontoblasts, though these cells tended to be elongated and concentrate near the boundary to the epithelial cell layer and displayed ALP activity (Fig.  5, 6D, 7) . It is therefore speculated that the putative interactions between the "differentiated" enamel epithelial cells and the dispersed pulpal cells in a TDL/floating culture may be of different significance for the respective cells from that of the epithelial mesenchymal interactions i n t h e t o o t h g e r m s i n e a r l y o d o n t o g e n e s i s . I t i s hypothesized that, in our TDL/floating culture, the pulpal cells in the gel might have functioned as a type of feeder cell rather than as dental mesenchymal cells comparable to those in growing tooth germs. The coated pits occasionally encountered in the distal plasma membranes of the innermost cuboidal enamel epithelial cells in a TDL/floating culture (Fig. 6D ) may be an indication of cell-matrix interactions rather than cell-cells interactions between the epithelial cells and the 3D gel.
It is well known that the adult hepatocytes do not proliferate under normal culture but maintain their ability to divide and proliferate in response to injury and infection while retaining their functions with assistance from non-hepatic cells (Taub, 2004; Cho et al., 2008) . In our current experiment, no mitotic figure was encountered in vivo in the areas of the enamel epithelial sheet obtained from rat incisors (data not shown). Nevertheless, the epithelial cells layered on top of 3D gel as monolayer of flat cells did become multilayered in 5 days of the TDL/ floating culture and expressed functional markers of differentiated enamel epithelia. The possibility therefore remains that the "differentiated enamel epithelial cells" also maintain the ability to divide and proliferate while maintaining their original functional properties under certain conditions such as the TDL/floating culture. As mentioned earlier, transit amplifying cells of enamel epithelia could not be fully excluded from our preparation and, accordingly, their contribution to cell proliferation in the TDL/floating culture.
Shrinkage of TDL explants
In the TDL/floating culture system, we encountered a drastic and rapid shrinkage of the TDL gel in the first 3 days of the floating culture. Although not as drastic as shown in our TDL gel, shrinkage of the cell-containing gel in culture is a rather common phenomenon. Using a fibroblast-dispersed gel in culture, Dunn and Ebendal (1978) , Kasugai et al. (1990) and Kasugai and Ogura (1993) reported substantial shrinkage of the gel and attributed the shrinkage to the 3D meshwork of collagen fibrils formed in the gel during culture, coupled with cell contractions adherent to the fibrils. Since dental pulp contains large numbers of fibroblasts, the same explanation may apply for the shrinkage of the 3D gel in our TDL/floating culture. It is now obvious that the shrinkage of the pulp cells-dispersed 3D gel occurs irrespective of the presence or absence of the layered epithelial cells, but whether or not a drastic shrinkage of 3D gel affects the epithelial cells in the TDL culture is yet to be determined.
In conclusion, the "differentiated" enamel epithelial cells prepared from functional and growing teeth of rats showed some structural and functional features reminiscent of those in vivo in the TDL/floating culture although the further refinement of the culture conditions is awaited whereby the formation of enamel matrix layers and their mineralization are induced. Establishment of a culture method where differentiated cells can recover structural / functional features and regain spatial organization may allow in vitro manipulation of the functional modulation of specific types of cells and/or the groups of cells while maintaining their three-dimensional organizations.
